A tube consisted of chitin/chitosan nanofibers is one of the candidates to support nerve regeneration. However, chitin/chitosan would cause inflammation when implanted in human body. This study indicates that chitosan nanofibers (degree of deacetylation; 78% and 93%) could be modified by alternate soaking in calcium and phosphate solutions, resulting in the improvement of their biocompatibility in terms of both in vitro cell culture experiment and in vivo animal test. Deacetylation of the chitosan nanofibers appeared to have little effect on in vitro and in vivo behaviors after 3 days. However, the alternate soaking process clearly improved in vitro and in vivo responses against the chitosan nanofibers. During the process, the surface morphology of the chitosan nanofiber was not changed, i.e. no hydroxyapatite was deposited due to the limited number of soaking. Thus, the surface chemical and physical states of the modified chitosan nanofiber such as surface charge, surface free-energy, and wettability was found to influence both the cell attachment and inflammation.
Introduction
Recently, surgeries to regenerate nerves with using artificial conduits were experimentally performed when peripheral nerves were injured in accidents. The conduits are tubes designed to support nerve regeneration. These tubes should have good biocompatibility and be degraded after nerve regeneration. Some researcher focused on a chitin/ chitosan tube due to its biodegradability. [1] [2] [3] Chitosan is a kind of natural polysaccharides, which is produced by deacetylation of chitin. Chitosan has amino groups which are an active functional group and relate to biological reactivity. Hence the application of chitosan as a biocompatible material has been widely studied. On the other hand, several researchers pointed out that chitosan would cause the activation of complement system. 4) This suggests that the amino groups of chitosan would be correlated to inflammatory response. One of the solutions to this problem is to modify the amino groups of chitosan in order to lower its inflammatory reactivity.
In this study, chitosan nanofiber (degree of deacetylation; 78% and 93%) was prepared by an electrospinning method and then modified by an alternate soaking process. The electrospinning is a technique to create nanofibers from a variety of starting materials. 5) A nanofibrous non-woven of chitosan could be easily applicable to the tube formation. The alternate soaking process was applied to coat materials with calcium phosphate. 6) Calcium phosphate is a main component of hard tissue and has good biocompatibility. Several researches concerning the hydroxyapatite formation on chitosan matrix have been reported. 7) In the present study, we modified the chitosan nanofiber films manufactured by the electrospinning method through the alternate soaking process. The modified nanofibers were evaluated with both of in vitro cell adhesion and in vivo experiment using rats.
Experimental

Sample preparation
Chitosan fiber was prepared by the electrospinning method. Degree of deacetylation of the chitosan used was 78% and 93%. In brief, chitosan was dissolved in trifluoroacetic acid. Electrospinning was conducted at 20 kV at room temperature. The obtained chitosan fibers were shaped to a film and made insoluble with a soaking in 8% ammonia solution for 6 h. The obtained fiber films were modified by an alternate soaking process.
6) The fiber film was soaked in 200 mM of CaCl 2 aqueous solution containing Tris and 120 mM of Na 2 HPO 4 aqueous solution for 1 min, respectively. The morphologies of the chitosan fiber films modified with and without surface modification were evaluated by scanning electron microscopy (SEM; JEOL JSM-5310). The surface of the chitosan fiber flms was analyzed by X-ray photoelectron spectroscopy (XPS; PHI-5500MT) using Mg K anode (15 kV, 300 W).
In vitro and in vivo experiments
Cell culture experiment for the chitosan fiber films was carried out using mouse vascular endothelial cell (EC) line in MEM containing 10% FBS. The samples were cut into 10 Â 10 mm and sterilized in an autoclave. The cells were cultured on the samples for 3 d at 37
C. The adhered cells on the samples were stained by Calcein AM and were observed using confocal laser scanning microscope.
The chitosan fiber films were implanted in SD rats to evaluate inflammation response. Before implantation, the samples were cut into 5 Â 5 mm and sterilized in an 
Results and Discussion
The electrospinning method was widely used for the preparation of polymer fiber with various diameters. Figure 1 shows a SEM photograph of the chitosan fiber film that was prepared using chitosan with 93% of degree of deacetylation through the electrospinning method. The diameters of the obtained chitosan fiber were below 1 mm. The diameters of the nanofiber were almost the same in spite of the degree of deacetylation. The alternate soaking in both calcium and phosphate aqueous solution for 1 min did not change the morphologies of the chitosan nanofibers. Any deposits such as hydroxyapatite were not observed. By prolonging the number of soaking, some deposits were appeared on the chitosan nanofibers. These deposits were identified as hydroxyapatite by X-ray diffractometry (data were not shown here). However, in this study, in order to evaluate inflammatory response for chitosan, the number of the alternate soaking in calcium and phosphate solutions was limited to once. Figure 2 shows the XPS spectra for the chitosan nanofiber (78% of deacetylation) with and without the alternate soaking. The data indicated that the chitosan nanofiber treated with the alternate soaking process contained both calcium and phosphate ions irrespective of only 1 minsoaking. For the nanofiber with 93% of deacetylation, both ions were also detected after the soaking process. The chitosan fiber film was at first soaked in the calcium solution before being soaked in the phosphate solution. The calcium ions with positive charge were thought to be physically attached on the chitosan fiber or be absorbed into the chitosan matrix, since chitosan did not have a negatively charged site. Then, in the phosphate solution, phosphate ions with negative charge would be adsorbed to the calcium ions on the chitosan in addition to the positively charged amino groups of chitosan. Figure 3 shows the adhered EC cells on the chitosan nanofiber films observed by confocal laser scanning microscope. After 3 d-incubation, there was no difference between the cell attachments on two degrees of deacetylation of chitosan (Figs. 3(a) and 3(b) ). The EC cells were adhered along the chitosan nanofibers. On the other hand, the cell attachment on the fiber films was improved through the alternate soaking process in spite of the degree of deacetylation (Figs. 3(c) and 3(d) ). This result clearly indicated that the adsorbed calcium ions and/or phosphate ions on chitosan affected the cell attachment. Freier et al. pointed out that some cell behavior such as cell attachment and viability on chitosan was influenced by degree of acetylation of chitosan. 8) This means that the cell behaviors on chitosan would be involved in amino group functionality. Therefore, in this study, the modification of amino groups with phosphate ions is thought to improve the EC cell attachment on chitosan nanofibers. Figure 4 shows the microscope images around the implanted sites of chitosan samples. Inflammatory analysis for the chitosan nanofibers with and without modification was conducted in vivo using SD rats for 3 d. The inflammatory responses were found at the implanted sites of the chitosan nanofiber (Figs. 4(a) and 4(b) ). There was no difference in inflammation irrespective of the degrees of deacetylation. However, the implanted sites of the chitosan nanofibers modified by the alternate soaking method decreased the degree of the inflammation (Figs. 4(c) and 4(d) ), though some inflammatory responses were still found. This in vivo result indicated that the modification by the alternate soaking was effective to prevent the inflammation of chitosan. As mentioned above, fixed calcium and/or phosphate ions to the chitosan nanofibers affected the cell behavior. The results in Fig. 4 clearly indicated that the modification with calcium and phosphate ions for the chitosan also suppressed the inflammatory response. Chitosan has a positive charge in Bar is 5 mm. physiological condition due to the amino groups. The alternate soaking process would neutralize the surface charge of chitosan, and turn to suppress the inflammatory response. In addition to that, the surface free-energy and wettability of the modified chitosan might also influence its biocompatibility. In this study, we examined the in vitro and in vivo behaviors of the chitosan nanofibers for short periods (3-days). Since chitosan has in vivo biodegradability due to an enzyme, it is necessary to follow the long term behavior of chitosan. Followed by the degradation, the value of pH would change around the implanted chitosan. However, both calcium and phosphate ions on/in chitosan fixed through the alternate soaking process suggest to compensate the pH change. In future work, we will demonstrate long term behaviors of chitosan nanofibers in in vitro and in vivo experiments.
Conclusion
We modified chitosan nanofibers through the alternate soaking process. Both in vitro and in vivo examinations clearly showed that the modification improved the attachment of mouse vascular endothelial cell and inflammatory response. The chitosan nanofiber obtained in this study is a candidate material for supporting nerve regeneration.
